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ABSTRACT 
The dry mass, wet mass,  and volume of mitochondria of normal rat liver were determined, 
as well as nitrogen content and  concentration.  A  scheme of multiple approaches  to these 
quantities was devised, permitting comparison of values obtained by independent methods. 
The following basic values are considered highly accurate: Mean dry mass,  13.6  X  l0  -14 g; 
mean wet mass,  51.8  X  10  -14 g; mean volume, 0.43  /z3; nitrogen content,  1.75  X  l0  -14 g 
The work emphasizes the fact that in mitochondria the quantities, mass, and volume occur 
in logarithmic-normal distributions. 
INTRODUCTION 
In 1959,  Noyes and Smith (9) reported early, dra- 
matic  changes  in  liver mitochondria  of rats  that 
had received 1000 r of whole-body irradiation. The 
mass  of individual  mitochondria,  isolated  by dif- 
ferential  centrifugation,  was  found  to  be  almost 
doubled.  Small  mitochondria  appeared  to  be 
preferentially  fragmented.  Meanwhile  the  total 
nitrogen content of the liver tissue as a  whole re- 
mained  essentially  unchanged.  Normal  values of 
mitochondrial mass were reestablished after only a 
few hours of recovery. This solitary report on early 
quantitative  mitochondrial  changes  as  a  conse- 
quence of irradiation  led us to repeat  the experi- 
ments with the intent of studying the radiosensitiv- 
ity of the chondriome  in  greater  detail  and  with 
refined  methods.  Reinvestigation  appeared  the 
more desirable inasmuch as Scaife and Alexander 
(10)  reported  no  appreciable  sensitivity of mito- 
chondria to irradiation  in experiments in vitro. 
Studies of normal  mitochondria  and  of experi- 
mentally altered mitochondria are usually done by 
means of biochemistry and/or electron microscopy. 
The subtle detail of chemical information provided 
by  biochemistry  is,  however,  limited  by  the  fact 
that  it  deals  by  necessity  with  average  values. 
Morphological studies at the resolution of the elec- 
tron  microscope  tend  to  render  rather  detailed 
information on a  severely limited sample volume. 
Singly or jointly,  these  approaches  did  not  seem 
to offer direct means for the effective study of popu- 
lations  of mitochondria in terms of the findings of 
Noyes and  Smith. 
In view of the fact that desirable absolute data, 
particularly  on  objects  as  small  as  mitochondria, 
obtained  by  any  method  employed  cannot  be 
proved reasonably correct unless confirmed or cor- 
roborated by results from an independent, method- 
ologically different technique,  it was necessary to 
devise  a  scheme  of  multiple  experimental  ap- 
proaches to the fundamental quantities of individ- 
ual mitochondria in populations  of the organelle. 
These  quantities  are  dry  (wet)  mass,  volume,  and 
corwentration of solids. 
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FIOURE 1  Scheme of multiple methodologie approaches used in this study for the direct determination 
or calculation of volume, dry mass, and concentration of solids in normal rat liver mitochondria. Meth- 
ods  are  indicated  by  rectangles,  intermediate  quantities  by  broken  circles,  and  desired  quantities  in 
circles. 
mining  dry  mass  and  volume directly.  All  other 
approaches  were  to  varying  degrees  indirect,  in 
that  two or more  analytical values had  to be ob- 
tained  before  the  desired  quantity  could  be  cal- 
culated.  In  addition,  in  certain  instances  a  se- 
quence of methodological steps was required for ob- 
taining  an  analytical  value.  The  indirectness  by 
which some values for the quantities of dry mass, 
volume, and concentration of solids could thus be 
obtained  and  the  multiplicity  of  the  indirect 
means for doing so make the scheme of analytical 
approaches somewhat complicated. In considering 
the  scheme,  it  should  be  kept  in  mind  that  the 
prime  objective for  introducing  a  method  or  for 
using a certain manner of calculation was the inde- 
pendence of the data for the desired quantities; i.e., 
multiple use of a  value was permissible only if it 
had  been  directly  determined  by  experiment.  A 
calculated  value was to be used only in one con- 
text or reference. In the following, an abbreviated 
account of the avenues of approach is given before 
the methods are discussed in greater detail. Fig.  1 
is intended to facilitate understanding of the meth- 
ods  used  for obtaining  the desired  quantities  and 
their mutual  relationships. 
Dry mass can be determined directly by quanti- 
tative  electron  microscopy.  It  can  indirectly  be 
represented  by  the  nitrogen  content  per  average 
mitochondrion.  This  nitrogen  content  per  mito- 
chondrion  is  determined  from  the  nitrogen  con- 
tent and the absolute number of particles in a given 
volume of particle suspension.  It is also calculated 
from the volume and  nitrogen  concentration  per 
particle. 
Volume  is  determined  directly  with  aid  of  a 
Coulter counter.  It is indirectly obtained from the 
number of particles in a given volume of suspension 
and the fractional volume that the particles occupy 
in  this  suspension  in  the  following called  "mito- 
crit" in analogy to the hematocrit.  If the concen- 
tration of nitrogen is known, as well as the nitrogen 
per particle  (the equivalent of dry mass),  volume 
can be calculated from these values. The most in- 
direct way to calculate volume is by dividing the 
wet weight per particle (as calculated from the per- 
centage dry weight per wet weight) by the specific 
gravity of the  particle. 
Concentration of solids,  as represented  by the con- 
centration of nitrogen, is calculated from the water 
and  nitrogen content determined  on one and  the 
same sample of mitochondrial matter.  It is further 
represented  by the concentration value calculated 
from the nitrogen content of a given volume of sus- 
pension and the fractional volume of mitochondria 
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concentration is calculated from the nitrogen per 
mitochondrion,  divided  by  the  volume  (calcu- 
lated  from  wet  weight  divided  by  the  specific 
gravity). 
The present report deals with the methodologi- 
cal details and  an  evaluation of the reliability of 
each of the approaches,  plus a comparison of inde- 
pendent values thus obtained. A subsequent publi- 
cation will report the results of applying this  ana- 
lytical  system  to  the  study  of  postirradiation 
changes in rat liver mitochondria (2). 
MATERIALS 
The livers of male Osborne-Mendel rats weighing 
fi'om 200 to 275 g were used. They were fed com- 
mercially  prepared  food  pellets  and  water  ad 
libitum. Groups of six were kept in 1- by 2-foot wire 
cages  at  a  controlled  temperature  of 24°C.  The 
Principles of Laboratory Animal Care as promul- 
gated  by  the  National  Society for  Medical  Re- 
search were observed during  this study. 
Animals were killed by  stunning  and  bleeding 
without previous fasting. Two animals were killed 
for each experiment. In all, 214 animals were used. 
The livers were quickly excised and dropped into 
cold  sucrose.  For  the  isolation  procedure  0.44  M 
sucrose  was  used,  After  cooling,  the  livers  were 
blotted with filter paper and weighed. 
METHOD  FOR  ISOLATION  OF 
M ITOCHONDRIA 
Homogenization 
It  was  found  that  a  standardization  of  the 
homogenization  procedure  was  imperative  be- 
cause reproducible  values of average nitrogen per 
mitochondrion were found only when the propor- 
tion of liver tissue  to sucrose was kept constant. A 
series of experiments was carried out to determine 
the influence of tissue concentration in the medium 
during  homogenization. 
The  determination  of the  absolute  number  of 
mitochondria from  a  given amount  of tissue  did 
not appear to  be a practical  way for ascertaining 
that  the  mitochondrial preparation  is representa- 
tive of the  tissue  and  the  isolation  procedure  is 
efficient.  In  order  to  study  the  homogenization 
procedure, the average nitrogen content per mito- 
chondrion was chosen  as  a  reasonable and  easily 
obtainable  indicator  of the  mass  of the  average 
particle  in  the  isolate.  It  would,  in  conjunction 
with  size determinations  in  the  Coulter counter, 
permit inferences as to how well the average cellu- 
lar population of mitochondria in rat liver is repre- 
sented  in  the  isolate. 
In Fig. 2,  the  effect of homogenizing different 
concentrations of liver tissue  in 0.44 M sucrose on 
the nitrogen content per mitochondrion found in 
the isolates is illustrated. A plateau of low nitrogen 
content is clearly obtained with 10- and  15-g liver 
samples. 
An explanation of these results is provided by the 
size  distribution  of  mitochondria  as  determined 
with aid of the Coulter counter. The size distribu- 
tion for the low concentrations indicated the pres- 
ence of the entire mitochondrial size spectrum, but 
with quantitative predominance of large particles. 
Electron  microscopy  of  the  suspension  revealed 
that  random  clumping,  for  which  no  obvious 
reason can be given, had produced mitochondrial 
aggregates, which were registered by the Coulter 
counter as large particles. It is concluded that these 
aggregates are  the reason for high  nitrogen con- 
tent per "particle" at low tissue  concentrations. 
The  size  distribution  of mitochondria  isolated 
from  high tissue  concentration--20  g/40  mi  su- 
crose-showed a  conspicuous lack of small parti- 
cles.  Electron microscopy revealed no  significant 
clumping.  It  is  reasonable  to  assume,  therefore, 
that small mitochondria have been retained in the 
thick homogenate of the first step of the isolation 
procedure  producing  a  shift  to  higher  average 
nitrogen values per  particle. 
The proportion of 15 g of tissue  to 40 mi of 0.44 
M  sucrose produced the most consistent preparation 
of mitochondria as judged by their nitrogen con- 
tent and size distribution. This concentration was, 
therefore,  used  throughout  this  study,  permitting 
us to process a  larger amount of liver tissue than 
with 10 g of tissue  per 40 mi of 0.44 ~  sucrose and 
rendering equally consistent results. 
Centrifugation 
The objective of the  centrifugation  procedure 
was to  obtain  a  suspension  of mitochondria that 
would not only fully represent the mitochondrial 
population of rat liver but would exclude all other 
cytoplasmic and tissue  elements. Two approaches 
were used to judge whether this objective had been 
reached:  (a)  Suspensions  of  mitochondria  were 
prepared on Formvar-coated copper grids (4) and 
inspected directly under  the electron microscope. 
(b)  Pellets  of mitochondria  were  fixed  and  sec- 
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tioned as follows: After the last centrifugation run, 
the mitochondrial pellet was resuspended in 2.5 ml 
of  0.44  M sucrose,  and  2.5  ml  of  2%  Dalton's 
chrome-osmium  fixative was  added.  The  suspen- 
sion was immediately spun at 75,000 g for 10 min. 
Small  pieces  were  punched  out  from  the  pellet 
and  transferred  to  1%  Dalton's  chrome-osmium 
fixative.  The  entire  fixation  time  was  1  hr.  The 
material  was dehydrated  in a  graded  series of al- 
cohols and  embedded  in Epon 812. 
The centrifugation of the homogenate was car- 
ried out in a Spinco Model L centrifuge (rotor No. 
30).  Three  centrifugation  schemes  were  tried  for 
the purpose of isolating the purest possible prepara- 
tion  of  mitochondria  in  reasonable  time.  Mito- 
chondria were resuspended  in fresh 0.44 M sucrose 
after  each  centrifugation  step  of  Table  I.  The 
upper  portion of the table  gives the g  forces that 
were found most suitable for the separation of nu- 
clei, whole cells, and extracellular material.  Phase 
microscopy indicated that the pellet obtained after 
the  last  centrifugation  run  at  1,200  g  contained 
only negligible numbers of free mitochondria.  The 
accelerating forces indicated  in the lower portion 
of Table I  were used to separate the mitochondria 
from  smaller  and  lighter  cytoplasmic  elements. 
Controls  with  methods  (a)  and  (b)  revealed that 
Procedure  I  left  a  considerable  amount  of cyto- 
plasmic  debris in  the final  pellet  (Figs.  3  and  5, 
respectively).  A  "cleaner"  preparation  was  ob- 
tained  with  Procedure  II.  With  control  method 
(a), it was found that a  number of clumps of mito- 
chondria of varying size were present,  a  fact that 
TABLE  I 
Centrifugation  Schemes for  the  Isolation  of  Rat  Liver 
M itochondria * 
Scheme  Scheme  Scheme  No. of centN- 
I  II  III  fuge tubes~ 
g  g  g 
1,200  1,200  1,200  4 
1,200  1,200  1,200  4 
1,200  1,200  1,200  4 
1,700  8 
14,200  8,500  8 
14,200  8,500  8,500  4 
14,200  8,500  8,500  6 
* All centrifugation  times,  10 min at  +4°C. 
~C Capacity, 35  ml of suspension. 
could  not  be  detected  on  thin  sections  (control 
method  (b)).  A  run  at  1,700 g  was,  therefore,  in- 
cluded in centrifugation Procedure  III to free the 
suspension  of  all  mitochondrial  clumps,  which 
would  render false readings in  the  Coulter sizing 
and counting procedure. Centrifugation Procedure 
III was adopted for the entire study.  The marked 
improvement  in  the  quality  or  "purity"  of  the 
mitochondrial  preparations  is  demonstrated  by 
Figs. 4 and 6, respectively. 
The removal of clumps of mitochondria and  of 
cytoplasmic material  did  not  eliminate  any  par- 
ticular  particle  group  since the  improved centrif- 
ugation procedure did not  affect  the  characteris- 
tics of dry mass  distribution  in the  population  of 
510  T~E JOURNAL OF CELL BIOLOGY • VOLUME  ~9, 1966 FIG. 8  Whole-mounted  preparation  of  rat  liver  mitoehondria  prepared  according  to  eentrifugation 
Scheme I, Table I. Nonmitochondrial debris and clumps of mitochondria make this preparation unsuit- 
able for volume determinations by the Coulter counter, as well as for determinations of nitrogen and of 
the fractional volume (mitocrit).  X  ~0,000. 
FIGurE 4  Mitochondria prepared according to centrifugation on Scheme III, Table I.  Predominantly 
single mitochondria on a clear background are seen.  X  ~0,000. 
mitochondria  as  determined  by  quantitative  mi- 
croscopy. This latter method is largely independent 
of impurities  that  might  be  present  in  a  particle 
preparation,  since  clean  objects  for  quantitative 
measurements  can  be  selected  freely  (6).  Dry- 
mass distributions could thus be compared  for all 
preparations  regardless  of  purity.  It  was  con- 
eluded  that  the clumps removed  at  1,700 g  were 
composed  of randomly  aggregated  mitochondria. 
The  mentioned  care  taken  to  control  a  simple 
centrifugation  procedure  is justified  by  the  fact 
that  significant values of mitochondrial  numbers, 
of  their  volume,  nitrogen  content,  or  nitrogen 
concentration  depend  on the quality of the mito- 
chondrial  preparation. 
METHODS  FOR  QUANTITATIVE 
ANALYSIS  OF  MITOCHONDRIAL 
SUSPENSION 
Pellets  of mitochondria  were  suspended  in  5  ml 
of 0.44 M sucrose.  Aliquots from these suspensions 
were taken for determination of dry mass, volume, 
number,  nitrogen  content,  and  nitrogen  concen- 
tration  of mitochondria. 
Determination  of  Mitochondrial  Dry  Mass 
by  Quantitative  Electron  Microscopy 
Directly after the last run of the centrifugation 
procedure,  one of six pellets was resuspended  in 5 
ml  of 0.44 M sucrose.  This  suspension  was  mixed 
with  three  times its volume of  10%  buffered  for- 
malin  (pH  7.2)  and fixed for 20 rain.  Small drop- 
lets of the fixed suspension were then pipetted onto 
Formvar-coated  copper  grids.  After  standing  for 
2 rain, the droplets were blotted with the torn edge 
of filter paper,  and after further drying in open air 
the  grids  were  washed  by  gendy  dropping  dis- 
tilled  water  on  them.  Again,  the  water  was  re- 
moved  by  blotting  with  filter  paper.  The  grids 
were now ready for electron  microscopy  (4). 
The  theory  and  application  of  a  photometric 
U.  GLAS AND G.  F.  BAltR  Quantitative  Study of Mitodwndria  511 Fmv~E 5  Sectioned pellet  of  isolated  mitochondria  prepared  according  to  centHfugation  Scheme  I, 
Table  I.  The  mitochondria are  well preserved, but  smooth and  rough membranes  of the endoplasmic 
reticulum are present. )<  40,000. 
FIGURE 6  Material same as in Fig. 5, but isolated according to Scheme III, Table I. There is practically 
nothing but well preserved mitochondria present.  )<  40,000. 
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tron micrographs have recently been described in 
extenso  (6,  14).  In short,  the photometric evalua- 
tion is based on the fact that, under certain condi- 
tions,  transmission  of light by any image point in 
an electron micrograph  (negative)  is proportional 
to the mass of the corresponding  point in the ob- 
ject.  Hence,  the  mean  transmission,  averaged  by 
transilluminating  the  entire  area  of  the  object's 
image on the micrograph,  is an equivalent of the 
total  dry mass  of the object. 
The  results  of measurements  of dry  mass  were 
plotted  on  probability  paper  as  described  earlier 
(4),  and  the  median  weight  (of  the  logarithmic 
weight distribution)  as well as the sigma were read 
off the graph. Sigma and median were then used to 
calculate the mean according to formulae of Bahr 
and Zeitler (4). All measurements made for deter- 
mining dry  mass  were  also  recorded  on  punched 
tape  (6)  and  processed in a  computer for median 
and  mean values as well as the sigma of  the me- 
dian. The graphic evaluation of the data on proba- 
bility paper  allows a  more realistic interpretation 
of the population,  however,  because  one  may ig- 
nore the 1 or 2 % of the population on both ends of 
the  distribution  that  usually  but  inconsistently 
deviate from the rest of the population  pattern  of 
smaller  measuring  series.  The  computer  includes 
these  deviating  values  in  the  evaluation,  and, 
while rendering the same value for the median as 
the  graphic  method,  a  slightly  different  mean  is 
calculated. 
The Coulter counter has not yet been used ex- 
tensively  for  the  determination  of mitochondrial 
volume  and  for  counting  biological  particles  as 
small  as  mitochondria.  For  this  purpose,  the  in- 
strument  is  used  at  the  limit  of its  practical  re- 
solving capacity. Particular care must be exercised 
in  the  preparation  of  the  medium,  in  order  to 
eliminate  all  particulate  contaminants.  With  re- 
spect to the biological object, a  medium  must  be 
chosen that provides both sufficient electrical con- 
ductivity for the counting process  and  protection 
of the delicate morphological integrity of the parti- 
cles to  be counted.  The following  procedure  for 
preparing  the  medium  is  the  result  of such  con- 
siderations and of pertinent experiments. 
The  medium,  containing  0.25M  sucrose  and 
0.45%  KCI,  was  filtered  three  times  through 
Millipore  filters  with  a  pore  size  of 0.30  /~  and 
subsequently filtered once through a  Millipore fil- 
ter with  a  pore  size of 0.10  #.  This  medium  was 
used  for dilution  of the  suspension  as  well as  for 
filling of the  counter. 
In  a  typical  measurement,  the  setting  of  the 
lower threshold  was  moved in  successive steps  of 
one through  five dial divisions through  the entire 
available range, thus closing the window.  No upper 
threshold setting was used (i.e., setting for infinity). 
By this means,  all particles are counted  that have 
sizes  equal  to  or larger  than  the lower  threshold 
setting  (cumulative  or  integral  counting).  The 
measuring  series is then  checked  by  opening  the 
window  again  by  stepwise  return  of  the  lower 
threshold  to  its  starting  position.  Coincidence  of 
the two values per window opening thus obtained 
was proof (a)  that the determinations  were repre- 
sentative of the sample and  (b)  that during the 30 
rain  necessary  to  perform  the volume determina- 
tion no change of the volume characteristics of the 
sample  had  occurred.  Cumulative  counts  were 
plotted on probability paper, and the median vol- 
ume and  the cr were determined  from the graph. 
For proper calibration of the Coulter counter, a 
suspension  of particles of known  distribution  and 
of known  concentration  is  needed.  The  commer- 
cially  available  polystyrene  latex  from  the  Dow 
Chemical  Company 1  is  ideally  suitable  for  this 
purpose.  It was felt, however, that the volume dis- 
tribution  and  concentration  of the  latex  spheres 
given by the manufacturer  needed  to be redeter- 
mined for our  purposes. 
The  latex  samples  were  photographed  at  elec- 
tron  microscope  magnifications  of  about  20,000 
times in series with a  replica of a  cross-ruled grat- 
ing of 2,160  lines/mm.  The grating constituted  a 
very  accurate  magnification  standard  (5).  The 
reason for assuming  the latex particles to be per- 
fect spheres have been  given elsewhere  (6).  Since 
the volume of each sphere is simply figured from 
its diameter, the latter was accurately determined 
from electron micrographs by using a Zeiss Schnell 
photometer with vernier drive of 0.5-/~ graduations 
at 20 magnification.  The values were used to cal- 
culate  the  mean  particle  diameter,  which  was 
found to be 0.538, 0.784, and  1.267/~, respectively. 
Aliquots of each latex suspension  were diluted  in 
the  sucrose-potassium  chloride medium  and  used 
as size standards for the Coulter counter. The vol- 
ume registered by one threshold step of the counter 
was  thus  determined  to  be 0.0974  #3. 
The  procedure  for  determining  the  concentra- 
1 Midland,  Michigan. 
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tion of latex spheres has been described elsewhere 
(3).  The weight of the dry residue of an aliquot of 
latex  suspension  in  distilled  water  is determined. 
Knowledge of average particle volume and specific 
density then permits calculation of the total num- 
ber of latex particles per aliquot. 
An aperture  with a  diameter  of 30 tz was used 
with  the  Coulter  counter  in  all  instances.  The 
counter was placed in  a  room shielded from elec- 
trical and other disturbances. It was our experience 
that  this  measure  markedly  improved  the  per- 
formance of the instrument.  The aperture current 
setting was 1/~ and the amplification setting 1/~. The 
lamp  that  usually  indicates clogging of the  aper- 
ture  was disconnected because its operation is ad- 
justed  to  the current  flow through  a  100-#  aper- 
ture. 
In Fig.  7, a routine run of a volume determina- 
tion  in  sample  250864  is  illustrated.  The  graph 
demonstrates  in  absolute  numbers  per  threshold 
step  the  extremely high  background  and  instru- 
mental noise that is registered at very low thresh- 
old  settings  up  to  five.  These  unspecific  counts 
disappear  at about threshold five, and large num- 
bers  of small  mitochondria  begin  to  be  recorded 
from threshold  setting  six.  The counting of mito- 
chondria starts somewhat abruptly, since the width 
of  the  available  threshold  step  does  not  permit 
differentiation of the  small  differences in volume 
present  at this end of the distribution  curve; i.e., 
counts  of  very  small  mitochondria  appear  ac- 
cumulated at one threshold setting (six). 
Counting of Mitochondria 
L1o~T  ~l~cRosco~Y:  Traditionally, thelight 
microscope has been used to determine the number 
of mitochondria present in a given suspension (11 ). 
The  suitability  of the technique for our  purposes 
was, therefore, tested first and rejected as unrelia- 
ble: An aliquot of a  suspension of mitochondria on 
which other determinations were also to be made 
was diluted 1:100 or 1:200 with 0.125 •  sucrose. A 
slight swelling of the mitochondria  occurs in this 
medium,  which  facilitates  recognition  of  small 
particles  in  the  light  microscope.  The  dilutions 
were made so that only two to eight mitochondria 
were  counted  per  small  square  in  the  counting 
chamber (11). Asample of the dilution was inserted 
with the aid of a fine pipette into a Petroff-Hauser 
bacteria-counting chamber.  Five to ten groups of 
20 small squares covering a  representative area of 
the chamber  were counted  at  a  magnification  of 
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Errors  in  Counting  Mitochondria  in  Bacteria-Counting 
Chambers 
Mitochondria/20  small squares 
First count  Recount after 10 min  Difference 
% 
32.6  46.0  +40.2 
28.2  26.6  --7.8 
33.8  38.4  +13.6 
25.1  20.0  --20.3 
15.8  19.4  +22.8 
22.8  23.9  +4.8 
Average difference  :t:18.3 
TABLE  III 
Errors  of  Counting  Duplicate  Chambers  of  the  Same 
Mitochondrial  Suspension 
Mitoehondria/20  small squares 
First chamber  Second chamber  Difference 
% 
28.2  20.5  --27.3 
28.2  33.8  +19.9 
43.6  36.6  --16.1 
45.6  50.2  +10.1 
15.8  18.4  +16.5 
43.4  51.2  +18.0 
46.2  35.8  --22.5 
37.1  41.4  +11.6 
Average difference  -4-17.75 
900  times,  using  an  AO-Spencer  phase-contrast 
microscope.  Table  II  lists  the  results of one  per- 
son's counts from  six  different  suspensions.  Each 
count was repeated after 10 rain. Table III lists the 
results from  the  same  suspension  counted  in  dif- 
ferent chambers.  Swelling of small, previously un- 
counted  mitochondria  is  considered  reason for  a 
slight and insignificant tendency to produce higher 
figures  on  recounts  by  the  same  person.  Com- 
parison between counts in different chambers and 
the variation between  two  persons'  counts of the 
same  microscopic  fields  were  of  the  order  of 
4-20%. 
As a  result of the above calculation of single er- 
rors,  the  total  relative error in the determination of 
numbers  of  mitochondria  in  bacteria-counting 
chambers is estimated by us to be 25 to 35 %. 
Since a  comparison of results obtained with the 
Coulter  counter  (for  details  see  below)  and  with 
the light microscope revealed a tendency of the lat- 
ter to yield  an average of 25 %  lower counts,  the 
error in determining  absolute numbers of mitochondria 
with the light microscope is estimated by us to ex- 
ceed 40 %. This is too large an error for any quan- 
titative  considerations,  and  no  further  attempts 
were,  therefore, made to use the light microscope 
for  counting  in  the  quantitative  study  of  mito- 
ehondria. 
COULTER  COUNTER:  One  ml  of  the  mito- 
chondrial suspension that was to be used for nitro- 
gen determination was diluted  1 : 100 with 0.25 M 
sucrose. In order to reduce the viscosity of the me- 
dium, it was further diluted  1 : 100 with a  mixture 
of equal parts of 0.25 M sucrose and 0.45% potas- 
sium chloride.  After each dilution,  the suspension 
was gently shaken for a/~ min to assure proper mix- 
ing. Fifty ml of the sample were used for measure- 
ment,  and  five  subsequent  runs of 0.05  ml  each 
were  performed.  The  total  number of mitochon- 
dria was then calculated from the known dilutions, 
and the values corrected for coincidence with aid 
of the chart provided with the instrument.  Table 
IV  lists  representative  results  for  five  different 
preparations, each counted five times. Eight paral- 
lel dilutions from the same suspension produced the 
following data: n  =  5.02  X  109 mitochondria/ml, 
-4-0.20  (SD),  4-0.08  (SE). These errors can be com- 
pared to the errors from pipetting alone. It can be 
concluded that the number of errors in the use of 
the Coulter counter for the determination of rela- 
tive  numbers  of mitochondria,  arising from  both 
TABLE  IV 
Evaluation  of  Coulter Counter for  Counting 
Mitochondria* 
No. of mitochondria 
Sample  1  Sample 2  Sample 3  Sample 4  Sample 5 
25,821  23,640  25,428  18,612  14,180 
26,219  23,798  25,304  18,741  14,186 
25,454  23,716  25,714  18,652  14,627 
26,753  23,438  24,441  18,317  14,388 
25,710  24,120  26,172  18,085  14,672 
Av.  25,991  23,742  25,411  18,481  14,410 
SD -4-0.507  0.250  0.637  0.273  0.234 
SS  4-0.254  0.125  0.319  0.136  0.117 
* Subsequent  counts  from  the  same  sample,  0.05 
ml counted. 
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Counting of Mitochondria With the Spray 
and the Coulter Counter Techniques in 
the Same Suspension 
(Mitochondria  per rnl  X  10~) 
Spray technique  Coulter  counter technique 
40,654  42,988 
42,363  45,971 
41,028  46,908 
43,091  46,991 
43,207  45,637 
40,412  48,397 
41,808  47,437 
41,639  49,988 
38,809  45,974 
Av. 41,156  4-  1.603  (SD)  46,699  4- 2.116  (SD) 
4- 0.534  (SE)  4- 0.748  (SE) 
subsequent  counts  and  parallel  preparations,  is 
small. 
SPRAY  TECHNIQUE  :  In the spray technique, 
the known volumes of two particle suspensions are 
mixed. One of these contains a  known concentra- 
tion  of easily  recognizable  particles,  in  our  case 
latex spheres,  while the other is of unknown  con- 
centration  of mitochondria.  The  mixture  of sus- 
pensions is sprayed,  in the form of microdroplets, 
onto film-covered grids. A differential count of the 
two  particles  is  obtained  in  the  electron  micro- 
scope.  Assuming  that  the  relative concentrations 
remain  constant,  the  unknown  concentration  of 
the  mitochondrial  suspension  can  be  calculated 
from the known concentration of the latex spheres. 
A  detailed  description  of the  spray  technique  as 
used in our quantitative studies is given in a  sepa- 
rate  publication  (3).  Table  V  lists  the  results  of 
mitochondrial  counts  obtained  in  an  application 
of this  technique  to  a  mitochondrial  suspension 
from this  study.  Included  in Table V  are  counts 
made with  the Coulter counter on aliquots of the 
same suspension.  There is reasonably  good agree- 
ment  between  these  two counting techniques. 
Nitrogen Determination 
Two types of nitrogen values were needed:  (a) 
nitrogen  per mitochondrion  and  (b)  nitrogen  per 
volume of fresh  mitochondria,  i.e.,  nitrogen  con- 
centration. 
The  nitrogen  per  mitochondrion  (N/mito)  re- 
quired  simultaneous  knowledge  of  the  nitrogen 
content per aliquot of suspension and the number 
bf mitochondria in this aliquot.  Nitrogen  was de- 
termined  according  to  the  standard  micro- 
Kjeldahl  technique.  Because  of the  high  sucrose 
content, complete digestion required 30 min. Five 
to six Kjeldahl determinations were performed per 
suspension  of one pellet.  Since four to five pellets 
per isolation run were examined, the total number 
of nitrogen determinations per experiment was 24. 
The number of mitochondria was determined with 
aid of the Coulter counter as described above. The 
combination of the two values then rendered  the 
average nitrogen content per mitochondrion,  rep- 
resenting  the  proteins  and  the  nitrogen-contain- 
ing lipids. The nitrogen content is an equivalent of 
the dry  mass. 
The average concentration of nitrogen per unit 
volume of fresh mitochondria (N//z  3) was obtained 
by determining the relative volume in an aliquot 
of a  mitochondrial  suspension  (mitocrit)  and  the 
nitrogen content in aliquots of the same suspension. 
The  procedure  followed  the  clinical  principle  of 
determining fractional volume in a  hematocrit by 
centrifuging.  A  minimum  of  13,000  g  was  used. 
Twelve parallel  determinations  were  made  each 
time. The capillaries were centrifuged  2 for 10 min. 
This  produced  very  consistent  results.  It  was 
questionable,  however,  whether  the g  forces em- 
ployed  would  produce  maximum  packing  of the 
mitochondria.  Therefore, thick-walled glass capil- 
laries, with a length of 5 cm and an inner diameter 
comparable to the capillaries used in the mitocrit, 
were fused at one end. Only those capillaries were 
selected in which the fused bottom was rather flat. 
The tubes were filled with the suspension of mito- 
chondria,  transferred  in  a  fine-tipped  Pasteur 
pipette. They were rested against a rubber cushion 
in the bottom of a  bucket of the rotor SW 39 and 
packed  in  crushed  ice  and  water.  The  assembly 
was then centrifuged at 70,000 g for  10 min.  This 
length of time was found to be sufficient to produce 
maximal packing of the mitochondria.  Prolonged 
centrifugation  did  not  produce  any  further  com- 
pression  of the  pellet. 
Results obtained with the two types of centrifu- 
gafion  procedures  are  listed  in  Table  VI,  from 
which  it can  be  seen  that  the  volumes obtained 
differ  by  a  factor  of 2.12.  This  factor  remained 
constant  in  repeated  comparisons,  and  it  was, 
therefore, decided to continue with the handy mi- 
International  Hemacrit  Centrifuge,  International 
Equipment  Company, Boston,  Massachusetts. 
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Nitrogen Concentration as Determined by 
Mitocrit Procedure and by High-Speed 
Centrifugation in a Spinco Centrifuge 
Nitrogen in fresh mitochondria in suspension 
Spinco  Mitocrit 
%  % 
7.5  3.62 
7.8  3.68 
8.2  3.54 
6.8  3.56 
8.5  3.60 
7.2  3.67 
Av.  7. 666 
Spinco  2.12 
Mitocrit 
3.61 
tocrit technique, but to correct for the lesser pack- 
ing by dividing the result by the factor 2.12. 
Another means for determing the concentration 
of nitrogen in mitochondria, in particular the ratio 
of water to nitrogen, was sought. A  method for the 
determination of the average water content in par- 
ticulate biological  material  was developed  and  is 
described  elsewhere  (8).  In  this  method,  mito- 
chondria are spun from their suspension in sucrose 
into silicone oil of higher density, thus freeing them 
from all external water. The mitochondria are dis- 
rupted in the silicone oil, and their water is quanti- 
tatively  determined.  The  dry  mitochondrial resi- 
due is spun out of the silicone oil into sucrose again 
and its total nitrogen content determined therein. 
The water content can then directly be related to 
the  nitrogen  content,  yielding  the  nitrogen  con- 
centration. This value was used in the calculation 
of the wet weight. 
RESULTS 
Dry  Mass  by  Quantitative  Electron  Micros- 
copy  (gmQEM) 
The median  3 dry mass of liver mitochondria of 
healthy rats was found to be 11.55  X  l0  -14 g. This 
is an average value of three determinations on two 
each of six animals.  Table VII  presents the indi- 
vidual  values.  The  respective  means  were  calcu- 
3 A  value  indicating  that  50~o  by  number  of  the 
population  are  lighter  (or  smaller)  than this  value, 
while 50~o are heavier (or larger) than the value. 
TABLE  VII 
Dry Mass of Normal Rat Liver Mitochondria, 
Determined by Quantitative Electron 
Microscopy 
No. of  Median 
particles  mass  X  o"  Mean mass 
Run  measured  10-14 g  (log mass)  X  10  TM g 
140164  496  11.79  0.240  13.76 
010564  179  I1.01  0.270  13.38 
020964  237  11.46  0.250  13.55 
Total 912 
Av.  11.55  0.2485  13.63 
lated with the aid of the sigma. These values com- 
pare favorably with mass determinations on  nor- 
real  rat liver mitochondria published earlier  (4). 
Also,  a  logarithmic  normal  distribution  of  mass 
values for normal rat liver mitochondria is clearly 
found in our material (Fig. 8), i.e., the distribution 
is  skewed  towards  heavier  particles  (Fig.  9).  A 
slightly higher sigma is found in the present series 
because of the somewhat smaller number of meas- 
urements. 
Quantitative mass determinations with the elec- 
tron  microscope  represent  the  total  solid  matter 
composing mitochondria, with the possible excep- 
tion of small molecules that may have been lost in 
the preparation procedure. 
Volume  (~3cc/mito) 
The  mean  volume  of  normal  rat  liver  mito- 
chondria,  as determined  by  the  Coulter  counter, 
was found to be 0.430 #3. Table VIII  presents the 
results  of  l0  individual  determinations. 
With the aid of the average value for the median 
volume and the sigma of the logarithm of the vol- 
ume,  a  theoretical curve for  the volume distribu- 
tion of rat liver mitochondria, as determined by the 
Coulter counter, can be constructed.  It is given as 
the solid line in Fig.  10. For comparison, data from 
an actual run (250864) are given as a dotted curve. 
A  marked  deviation is  seen for  measuring  points 
approaching  small volumes.  The  reasons for  this 
anomaly  are  technical  and  have  been  discussed 
earlier in this paper; see also Fig.  7. 
Since the distribution of dry mass in mitochon- 
dria is a  logarithmic-normal one,  the distribution 
of volume could  also  be expected  to  be logarith- 
mically normal. The sigmas for both distributions 
were found  to  be closely comparable. 
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IhGUR~ 8  Average values of median dry 
mass  and  the  respective  a  from  Table 
VII  were  used to  illustrate  the distribu- 
tion of dry mass in 912 normal rat liver 
mitochondria  on probability  paper.  The 
graph  demonstrates  that  the  largest 
particles  measured  (a  few  per  cent)  are 
more  than  40  times  heavier  than  the 
smallest  ones.  The  distribution  of  dry 
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FIGURE 9  Frequency distribution of dry mass of 912 normal rat  liver mitochondria. The skewness of 
the distribution towards heavier particles is prominent. The median, therefore, is found at smaller masses 
(11.33  X  10  -14 g) than the arithmetic mean (18.63  X  10  -14 g). The most frequently found niitochondrion 
(mode) has a  dry mass of about 8  X  10  -14 g. 
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Volume of Mitochondria, Determined by Coulter Counter, 
in #a 
(log 
Run  Median  volume)  Mean 
300164I  0.2912  0.265  0.3512 
300164 II  0.3301  0.240  0.3846 
300164 III  0.4470  0.265  0.5391 
120264  0.4470  0.250  0.5279 
240264  0.3983  0.325  0.5271 
250564 I  0.2814  0.300  0.3576 
250564 II  0.3496  0.270  0.4244 
250864  0.3496  0.240  0.4073 
240964 I  0.3106  0.290  0.3885 
240964 lI  0.2912  0.330  0.3893 
Av.  0.3496  0.2775  0.4297 
-4-0.0733  (SD) 
±0.0244  (SE) 
AVERAGE  OF ALL SIZE 
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FIGURE 10  Volume  distribution  of  normal  rat  liver 
mitochondria. The average of ten determinations, from 
Table  VIII,  is represented  on probability paper  as  a 
solid line. An actual volume determination on sample 
250864  is  indicated  (points).  Values for  nfitochondria 
smaller than 0.15 #3 deviate markedly from the extrap- 
olated average curve  (solid  line)  because  the  Coulter 
counter  cannot  distinguish  the  small  differences  in 
volume  at  this end  of  the distribution curve  when a 
measuring aperture of 30 # is used. 
The average volume for the three experiments, 
as calculated from the fractional volume of mito- 
chondria in a suspension and also by a count in an 
aliquot therefrom,  was 0.42  #3. 
Nitrogen  Content per M itochondrion (  N/mito) 
The  nitrogen content of normal  rat liver mito- 
chondria,  as  calculated  from  micro-Kjcldahl  de- 
terminations and counting in the Coulter counter, 
was found to be 1.75  X  l0  -14 g. Table IX lists the 
results of six individual determinations, each based 
on five Kjeldahl tubes per sample. 
Nitrogen  Concentration  (N/~amc) 
The nitrogen concentration per ~3 of normal rat 
liver  mitochondria,  as  calculated  from  nitrogen 
determinations and  determinations by mitocrit of 
the per cent wet volume in aliquots,  was found to 
be 4.19  X  10  -14 g. Table X  lists the results of 8 indi- 
vidual dcterminations, each based on  5  Kjeldahl 
tubes and 12 mitocrit tubes per sample. The values 
show very good agreement. The  avcragc  of  1.9766 
is multiplied by 2.12,  a  factor discussed  earlier  in 
thc section on  methods. 
COMPARISON  OF  RESULTS 
Table  XI  presents  the  results  of  determining 
weight, wet weight, volume, and nitrogen concen- 
tration  for  an  average  normal  rat  livcr  mito- 
chondrion. The values have been obtaincd by us- 
ing indepcndcnt methods,  all of which have been 
either  dcvised  or  adapted  for  this  investigation. 
The  value  for  the  spccific  gravity  of livcr  mito- 
chondria was given to us by Dr. Norman G. Ander- 
son, Oak Ridge National Laboratories. It has been 
obtaincd  by centrifugation in  a  medium contain- 
ing citratc (1). Dr.  Anderson pointed out that the 
valuc  may  be  somewhat  high,  since  a  ccrtain 
shrinkage  of  thc  mitochondria  in  media  of  this 
dcnsity  would  bc  likely. 
The fact that the values of Table XI have been 
obtained  by  indcpendent  methods  but  are  con- 
ceptually  related  makes  it  possible  to  compare 
them with each other, i.e., thc measured data with 
calculated ones, according to the scheme in Fig.  1. 
Such calculations are prescnted in Tablc XII. 
A  mean nitrogen content--the cquivalent of the 
dry mass---of 1.75  X  l0  -14 g has been found by di- 
rect determination.  Multiplying the value for  ni- 
trogen  concentration  (mitocrit-Kjeldahl)  by  the 
volume,  as  determined  by  the  Coulter  counter, 
renders a  value of 1.80  X  l0  -14 g for the nitrogen 
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Nitrogen per M itochondrion 
Run 
Mitochon- 
Nitrogen/ml  dria/ml  Nitrogen/mit  o 
X  10-a g  X  10  -q g  X  10-14 g 
250864  0.2366  12.8  1.848 
080964 I  0.2835  15.5  1.829 
II  0.2450  12.9  1.899 
191064  I  0.2184  12.4  1.761 
II  0.1904  12.5  1.523 
III  0.2016  12.35  1.632 
Av.  1.749±0.1439  (sn) 
±  0.0644 (s~) 
TABLE  X 
Nitrogen Concentration per t~  3 
N/ml 
Run  X  10-6 g  Mitocrit  N/~  3 X  10-14 g 
% 
250864 I  20.58  1.07  1.923 
II  23.66  1.36  1.820 
080964  16.33  0.85  1.921 
240964  28.42  1.39  2.044 
061064 I  23.73  1.18  2.011 
II  21.78  1.03  2.115 
191064  I  19.04  0.96  1.983 
II  20.16  1.01  1.996 
Average 
1.9766  X  10  -I4 X  2.12 
=  4.19  X  10  -~  g/~3 
1.9766  ±0.08927  (sn) 
4-0.03376  (sa) 
content. Multiplying nitrogen concentration by the 
volume,  as determined  by dividing the calculated 
wet weight (dry weight  =  26.31% of wet weight) 
by the specific weight,  renders a  nitrogen content 
of 1.84  X  10  -14 g. The three values for the nitrogen 
content are in excellent agreement. An average of 
1.80 is calculated. 
Mean mitochondrial volume as determined with 
the Coulter counter is found to  be 0,43  /~3. If the 
nitrogen  content  (Coulter  counter-Kjeldahl)  is 
divided  by  the  nitrogen  concentration  (mitocrit- 
Kj eldahl), the volume is calculated as 0.42/z  3. If the 
calculated wet weight is thendivided by the specific 
gravity,  1.18,  the volume is 0.44 #3. These volume 
values  agree  to  a  remarkable  degree  not  only 
among each other but also  with the value of vol- 
ume  of 0.42  tz  3 derived  from  Coulter  counts  and 
determinations of the relative volume in the same 
suspension. The average of all four is 0.43/~3. 
Nitrogen  concentration  (mitocrit-Kjeldahl)  has 
been  found  to  be  4.19  X  10  -14  g/Ix  3.  When  the 
value  for  nitrogen  content  (Coulter  counter- 
Kjeldahl)  is taken  and  divided by the volume  as 
determined by the Coulter counter,  nitrogen con- 
centration is calculated  to  be 4.07  X  10  -14 g//~3. 
Finally, if the nitrogen per mitochondrion,  as de- 
termined by the Kjeldahl method and the Coulter 
counter, is divided by the volume (calculated from 
wet  weight  divided  by  the  specific  gravity  1.18 
g/cm3),  a  nitrogen concentration of 3.99  X  10  -14 
g//z  3 is found.  Again,  the comparison of the three 
values demonstrates  a  very  good  agreement.  The 
average of all three is 4.08. 
TABLE  XI 
Summary of Results 
Median  o"  Mean 
11.55  X  10  -14 g  0.2485  13.63  X  10  -14 g 
43.90  X  10-14 g  51:81  X  10-14 g * 
1.18  (1) 
Dry mass  (gQEM) 
Wet  mass  (g) 
Specific gravity  (p) 
Nitrogen content  (N/mito) 
Volume  (/ze3c mito) 
Nitrogen concentration  (N//zzme) 
Nitrogen content per dry mass 
0.3496 N3  0.2775 
1.75  X  10  -14g 
0.4297/x a 
4.19  X  10  -14 g//z 3 
12.84% 
gQEM  =  Total dry mass in g,  determined by quantitative electron microscopy. 
~e/mito  =  Mean volume from Coulter counter. 
N/mito  =  Nitrogen determined by micro-Kieldahl.  Mitochondria counted with aid of Coulter counter. 
N//Z3me  =  Nitrogen determined  by micro-Kjeldahl.  Fractional  volume determined by mitocrit. 
* Dry weight  =  26.31% of wet weight  (8). 
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Comparison of Results* 
Nitrogen  content (=  12.84% of dry mass) 
X  10-14 g  Average 
N/milo  1.75 
N/#~mc  X  #%c/mira  1.80  1.80 
N/,u~nl~ X  g/p X  10  -e  1.84 
Volume in #'~ 




g/p X  10  -12  0.44 
tz~/mito~  0.42 
0.43 
Nitrogen  concentration  X  10-14 g/#a 






g/0  X  10  -12 
4.08 
* For explanation of symbols see Table XI. 
Fractional  volume, divided by number  of mito- 
chondria in suspension. 
DISCUSSION 
In certain experimental situations,  it is likely that 
a  quantitative  cytochemical  investigation of sub- 
cellular  elements  renders  significant  information 
even when there are no detectable morphological 
changes.  This happened  in a  study of the effects of 
total-body  irradiation  on  liver  mitochondria  (2). 
The excellent agreement of cytochemical values of 
this study determined  by a  variety of independent 
methods with those from calculations inspires con- 
fidence not only in the correctness of the reported 
values in absolute terms but also in the reliability 
of the individual techniques employed. 
The  median  dry  mass  of  normal  rat  liver 
mitochondria of 11.55  X  10  -14 g found during this 
investigation is in good agreement with values ob- 
tained  by  quantitative  electron  microscopy  and 
reported  previously by Bahr  and  Zeitler  (4). 
In our earlier studies,  a  value of cr  =  0.20  was 
given  for  the  log-normal  distribution  of  mito- 
chondrial  mass, while a  sigma of about 0.25  is re- 
ported  with  this  series  of  measurements.  The 
higher cr is due to the inclusion of the "lysosome" 
fraction in the measurements.  This fraction can be 
separated  mathematically  as  the  "light"  fraction 
from  the  main  mitochondrial  fraction  (4).  It  ac- 
counts for  12 %  of all particles  measured,  but for 
only  1.2%  of  their  total  mass.  Inclusion  of  this 
small  amount  of nonmitochondrial  particles  was 
considered not to affect significantly the basic val- 
ues for normal  mitochondria reported  here. 
Noyes and Smith (9) determined the dry weight 
of normal rat liver mitochondria to be about 53  × 
10  -14  g  and  the  nitrogen  content,  about  6.2  X 
10  -I4  g.  Their dry  mass  value is  thus  about  four 
times the value determined with quantitative elec- 
tron  microscopy,  meaning  that  the  average  vol- 
ume of a  mitochondrion is about  1.67 #8 (equal to 
a  particle diameter of 1.47  #),  as compared to our 
average  volume  of  0.43  iz  3  (equal  to  a  particle 
diameter of 0.94 #) reported in this study. The dry 
mass  for  rat  liver mitochondria  given in  Smith's 
first  study  (12)  is  still  higher,  namely,  72.1  X 
10  -14 g. We found  the method for counting mito- 
chondria with the aid of a light microscope, which 
was used by Noyes and Smith, to be unsuitable for 
a  quantitative study of particles as small  as mito- 
chondria.  We  believe  that  the  extremely  high 
values for the dry mass of mitochondria reported 
by Smith,  and  by Noyes and  Smith,  are a  conse- 
quence  of  omitting  small  mitochondria  in  the 
counts and  that  the use of plain KC1 medium re- 
ported in both papers is unsuitable for maintaining 
proper  morphologic integrity. 
Gebicki and  Hunter  (7)  were the first to use  a 
Coulter counter for counting and sizing of normal 
liver mitochondria.  These authors discuss in detail 
some of the  problems  involved and  report  essen- 
tially  results  similar  to  those  reported  here  with 
the  Coulter  counter.  From  their  reported  diffi- 
culties in  suppressing  background  counts  we  be- 
lieve (a)  that  their  Coulter counter was impaired 
by electronic noise and  (b)  that their preparations 
were  not  sufficiently  clean.  We  eliminated  these 
sources of error by using the counter in a  shielded 
room  and  by  using  an  isolation  technique  that 
yielded  preparations  apparently  much  cleaner 
and  more  free  from  endoplasmic  reticulum,  as 
well  as  from  clumps  of  mitochondria  and  cyto- 
plasmic material, than those of Gebicki and Hunter 
(see  Fig.  ll). 
Some of our values require comment: A  factor 
of 12.84 for the nitrogen content of mitochondrial 
dry matter  was used.  It was obtained  by relating 
nigrogen determinations  with  the micro-Kjeldahl 
technique to the total dry mass found by quantita- 
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tive  electron  microscopy  (4).  This  latter  value 
comprises  all  chemical  constituents  of  the  mito- 
chondrion  that  are retained  through  the isolation 
procedure.  The  factor  is,  therefore,  lower  than 
usual values for proteins. With respect to the valid- 
ity of our value for total dry mass,  it is fair to as- 
sume  that  the  amount  of soluble  small molecules 
being lost does not exceed 1% of the dry weight. It 
is not the absolute content of small molecules in the 
mitochondrion  that  needs  to  be  considered,  but 
rather the permeability of the mitochondrial mem- 
branes  for these  molecules.  In the light of known 
metabolic  activity,  this  active  or  passive  per- 
meability  must  be  considered  high,  but  rather 
selective. Since the structure of isolated mitochon- 
dria is well preserved, it is not likely that  massive 
losses of all small or medium-sized  molecules will 
have  occurred. 
In  the  preparation  of mitochondria,  sucrose  is 
used as a  separation  and  suspension medium. The 
sugar does not enter into or interfere with any de- 
termination, with the possible exception of quanti- 
tative electron microscopy, in which suspensions of 
mitochondria  in  sucrose  are  brought  onto  the 
specimen grids. The excess sucrose is gently washed 
away with distilled water. In an earlier study (4), it 
was  shown  that  repeated  washings  had  no  effect 
on either weight or weight distribution of the mito- 
chondria.  It  was  concluded  that  one  washing  is 
sufficient to eliminate the sucrose.  This conclusion 
is  supported  by  the  findings  of Werkheiser  and 
Barfley (13), who used radioactively labeled media 
and  concluded  that  well  preserved,  intact  mito- 
chondria admit little or no sucrose under appropri- 
ate  conditions. 
A "fluffy layer" was regularly reported in earlier 
publications on isolation of mitochondria from cell 
homogenates.  It  is  usually  found  on  top  of  the 
mitochondrial  pellet.  Some  indication  of a  fluffy 
layer was observed in the mitocrit centrifugations. 
Although small, it was excluded from the measure- 
ment  of  the  fractional  volume  of  mitochondria. 
Thin-sectioned  pellets  confirmed  that  the  layer 
is rather thin (about 5 %  of the depth of the pellet) 
and is composed mainly of relatively large, smooth- 
surfaced,  empty  vesicles and  a  few swollen  mito- 
chondria. 
It is our belief that the present study illuminates 
some primary,  important  conditions for a  quanti- 
tative  assessment  and  evaluation  of cytochemical 
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tion of light microscope techniques,  namely: 
(a)  It must be understood  that these objects oc- 
cur in populations  that often have a  considerable 
distribution  of values within one population,  and 
that results of experimentation dealing with aver- 
ages are the consequence of the statistical behavior 
of the population under study. For normal rat liver 
mitochondria  the  quantities,  mass,  and  volume 
occur  in  logarithmic-normal  distributions. 
(b)  A  high degree of purity of preparation is re- 
quired,  as  well  as  adequate  assurance  that  the 
separation  and  purification  process  did  not  alter 
the population characteristics, either by excluding 
groups of it or by affecting the morphological in- 
tegrity  of the  individuals. 
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